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(Background: Increased phosphorylation of the translation initiation factor elF2«a (elF2a-P) promotes apoptosis during

Results: Induction of the PP1 phosphatase subunit GADD34 (which dephosphorylates e[F2a-P) promotes adaptation.
Conclusion: GADD34 promotes survival by increasing the uptake of small neutral amino acids via the amino acid transporter

Significance: Rapid adaptation to changes in extracellular osmolarity is inhibited by elF2a-P signaling.

J

Cells respond to shrinkage induced by increased extracellular
osmolarity via programmed changes in gene transcription and
mRNA translation. The immediate response to this stress
includes the induction of expression of the neutral amino acid
transporter SNAT2. Increased SNAT2-mediated uptake of neu-
tral amino acids is an essential adaptive mechanism for restor-
ing cell volume. In contrast, stress-induced phosphorylation of
the asubunit of the translation initiation factor eIF2 (eIF2«) can
promote apoptosis. Here we show that the response to mild
hyperosmotic stress involves regulation of the phosphorylation
of eIF2a by increased levels of GADD34, a regulatory subunit of
protein phosphatase 1 (PP1). The induction of GADD34 was
dependent on transcriptional control by the c-Jun-binding
cAMP response element in the GADD34 gene promoter and
posttranscriptional stabilization of its mRNA. This mechanism
differs from the regulation of GADD34 expression by other
stresses that involve activating transcription factor 4 (ATF4).
ATF4 was not translated during hyperosmotic stress despite an
increase in elF2a phosphorylation. The SNAT2-mediated
increase in amino acid uptake was enhanced by increased
GADD34 levels in a manner involving decreased eIF2a phos-
phorylation. It is proposed that the induction of the SNAT2/
GADD34 axis enhances cell survival by promoting the immedi-
ate adaptive response to stress.

The regulation of cell volume in response to changes in extra-
cellular osmolarity is essential for cell survival. Cells respond to
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hyperosmotic stress by accumulating organic molecules to
counteract elevated external ionic strength. This adaptation
involves the synthesis of various molecular chaperones, regula-
tory proteins, enzymes, and transporters that promote survival
(1, 2). TonEBP (NFATS5) is a major transcription factor that
translocates to the nucleus during hyperosmotic stress, binds to
osmotic response elements in the promoters of genes impor-
tant for adaptation, and activates their transcription (1, 2).
Among the targets of TonEBP is the sodium-coupled neutral
amino acid transporter 2 (SNAT2)? (3). SNAT?2 is a member of
the system A transporters that mediates the uptake of neutral
amino acids (compatible solutes) and, therefore, plays a crucial
role in survival during hyperosmotic stress (4 7).

An important component of the cellular response to hyper-
osmotic stress is the regulation of mRNA translation. Similar to
other stresses (ER stress, UV irradiation, starvation, etc.),
hyperosmotic stress leads to global inhibition of translation ini-
tiation (8, 9). This inhibition is mediated in part by phosphory-
lation of the « subunit of the translation initiation factor eIF2
(10, 11). eIF2 delivers the initiator tRNA methionine complex
to the translation machinery. However, phosphorylation of its
a subunit on Ser51 (elF2a-P) during stress renders it inactive
and causes inhibition of translation initiation (10). Although
translation of the majority of mRNAs is inhibited, it is still nec-
essary to synthesize proteins (e.g. transcription factors, chaper-
ones, and transporters) that play an adaptive role in the stress
response (10, 12, 13). This is accomplished by alternative modes
of translation initiation (14) that do not require the mRNA 5’
cap. These mRNAs have internal ribosome entry sites and
upstream ORFs. A prime example of the latter is the upstream

3 The abbreviations used are: SNAT, sodium-coupled neutral amino acid
transporter; ATF4, activating transcription factor 4; ER, endoplasmic retic-
ulum; CRE, cCAMP response element; elF2a-P, phosphorylated elF2« at Ser-
51; mTOR, mammalian target of rapamycin; MEF, mouse embryonic fibro-
blast; gRT-PCR, real-time quantitative PCR; Sal, Sal003; Tg, thapsigargin.
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ORF-mediated translation of the ATF4 mRNA, an important
transcription factor of the integrated stress response (15, 16).

If stress is mild and short-lived, the adaptive response pro-
motes survival. However, cells undergo apoptosis when stress is
severe or prolonged. The necessary step in the recovery of pro-
tein synthesis is dephosphorylation of eIF2a-P and the reacti-
vation of translation (17-19). In mammalian cells, this is medi-
ated by protein phosphatase 1 (PP1) in complex with regulatory
subunits: CReP, which is constitutively expressed and controls
basal levels of eIF2a phosphorylation (20), and GADD34, which
is induced late in stress responses (17).

Expression of GADD34 is regulated at multiple levels: 1)
transcription, 2) translation, and 3) protein stability. 1) During
ER stress, ATF4 induces GADD34 transcription (21), whereas
C-Jun is the transcription factor during genotoxic stress (22).
Transcriptional control in other stresses has not been evalu-
ated. The GADD34 promoter contains sequence motifs similar
to the palindromic octanucleotide cAMP response element
(CRE), the binding site for different members of the ATF/
cAMP response element-binding protein family (21, 22). This
suggests other members of this family as potential transcription
factors that induce GADD34 gene expression. 2) Phosphoryla-
tion of elF2« during stress promotes the upstream ORF-medi-
ated translation of GADD34 (23). 3) Phosphorylation of
GADD34 has been shown to enhance its degradation (24).

The functions of GADD34 have been well studied under
most stress conditions that involve its ATF4-mediated tran-
scriptional induction (17, 21, 25). However, little is known
regarding its involvement in the hyperosmotic stress response.
Here we show that mild hyperosmotic stress induces
GADD34 protein following transient protein synthesis inhi-
bition. Increased levels of GADD34 are due to transcrip-
tional induction and efficient translation. Interestingly,
despite elF2a phosphorylation, mild hyperosmotic stress
does not promote ATF4 mRNA translation. Therefore,
unlike other stresses, the transcriptional component of
GADD34 induction is ATF4-independent.

In this study, we investigated the regulation of GADD34 and
the role of this protein in the hyperosmotic stress response. We
provide evidence that stress-induced GADD34 mRNA levels
were partially due to transcriptional activation by JNK and
posttranscriptional stabilization of the GADD34 mRNA. We
have shown previously that severe hyperosmotic stress leads to
elF2a phosphorylation, which has proapoptotic functions (8).
We show here that GADD34, which is also induced during
severe hyperosmotic stress, antagonizes elF2a-P. GADD34
depletion or pharmacologic inhibition of its activity led to
decreased levels of the SNAT2 protein on plasma membranes,
decreased transporter activity, and decreased adaptation to
increased extracellular osmolarity. We conclude that GADD34
promotes survival in part via the stimulation of transport of
neutral amino acids by the system A transporter SNAT2.

Materials and Methods

Cells and Biological Materials—Mouse embryonic fibro-
blasts (MEFs) were grown in high-glucose DMEM supple-
mented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicil-
lin, and 100 ug/ml streptomycin in 5% CO, at 37 °C. Lentiviral
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particles expressing shRNA against ATF4, ATF2, GADD34,
and control pLKO1 (Sigma-Aldrich) were propagated in
HEK293T cells as described previously according to a standard
protocol (26). After infection, cells were selected in the pres-
ence of puromycin for 5 days. For hyperosmolar treatments,
cells were treated with media that were 500 or 600 mosmol/
liter, prepared by adding sorbitol to growth medium (200 or 300
mw, respectively). The salubrinal derivative Sal003 (Sal) was
from Tocris, and MG132 was from Enzo Life Sciences. Thapsi-
gargin (Tg, Sigma-Aldrich) was used at 400 nMm as described
previously (27), and actinomycin D was from Sigma-Aldrich.

Pro Uptake—Cells were grown in 24-well plates. Transport
assays were performed in Earle’s balanced salt solution contain-
ing Pro (100 uMm, 4 nCi/ml) at 37 °C for 2 min (27). For assays in
Na*-free medium, the NaCl in Earle’s balanced salt solution
was replaced with choline chloride.

Caspase 3 Activity—Activity was determined with the
caspase 3 substrate DEVD-7-amido-4-trifluoromethylcou-
marin (Calbiochem/Millipore). Cells were lysed in 10 mm
potassium HEPES (pH 7.2), 1% CHAPS, 150 mm NaCl, 0.1%
sodium dodecyl sulfate, 1 mm dithiothreitol, and 1 mm EDTA.
The substrate (100 um) was added to the cell lysate (100 ug of
protein) and incubated in the dark for 1 h at 37 °C. The product
was measured using a fluorescence reader with excitation at
360 nm and emission at 460 nm (ThermoMax microplate
reader, Molecular Devices).

Luciferase Activity—The GADD34 promoter region (152
nucleotides, containing 118 nucleotides of the promoter region
and 34 nucleotides of the GADD34 5" UTR mRNA) was cloned
upstream of the luciferase ATG initiation codon into the Nhel
and Xhol sites of the pGL3-basic plasmid. The GADD34 pro-
moter region was amplified from mouse genomic DNA using
the primers ACG TGC TAG CTG AGA AGC TGC GGT GAC
CTCACand ACGTCT CGAGTCACAGGCTGT AGCAAA
GGC TGT C. The mutants were created by changing the CRE
sequence (GTGACGTCAG) to ACTTATGTCA and the GGG
into CTC in the putative NF-kB binding site (GGGACTTT-
CCQ). Site-directed mutagenesis was performed by Mutagenex.
For the luciferase assays, MEFs in 10-cm plates were transfec-
ted with 8 ug of GADD34-firefly luciferase plasmid and 2 ug of
Renilla luciferase plasmid using X-tremeGENE DNA transfec-
tion reagent (Roche) as described by the manufacturer. Cells
were split 24 h after transfection. Cells were treated with 500
mosmol hyperosmotic medium for the indicated times. Cells
were then washed with cold PBS and assayed for luciferase ac-
tivity using the Dual-Luciferase reporter assay system
(Promega) as described by the manufacturer. Data were ana-
lyzed as firefly luciferase expression over Renilla luciferase ex-
pression and normalized to expression in the wild-type MEFs.

Metabolic Labeling—Cells were seeded in 24-well plates (5 X
10* cells/well), grown for 24 h, and subjected to hypertonic
treatment. [**S]Met/Cys was added (30 uCi/ml EXPRE?*S**S
protein labeling mix, PerkinElmer Life Sciences) for an addi-
tional 20 min. Cells were washed twice with PBS, followed by
three changes of 5% trichloroacetic acid, 1 mm Met for 10 min
on ice. Precipitates were dissolved in 200 ul of 1 M NaOH, 0.5%
sodium deoxycholate, and radioactivity was determined by lig-

JOURNAL OF BIOLOGICAL CHEMISTRY 17823



GADD34 Induction during Hyperosmolar Stress

uid scintillation counting. Protein was assayed in aliquots as
described previously (8).

Polysome Profile Analysis and mRNA Distribution—Poly-
some profiles were prepared as described previously (28).
Briefly, cells were seeded in 150-mm culture dishes and grown
to 70% confluence. Following the indicated treatments, 100
pg/ml cycloheximide was added to cells for 3 min at 37 °C. Cells
were washed twice with cold PBS containing 100 ug/ml cyclo-
heximide, scraped, and pelleted at 4000 rpm for 10 min. The cell
pellets were lysed in buffer (10 mm HEPES-KOH (pH 7.4), 2.5
mm MgCl,, 100 mm KCl, 0.25% Nonidet P-40, 200 unit/ml
RNase inhibitor (RNaseOUT, Invitrogen)) and EDTA-free pro-
tease inhibitor (Roche Applied Science), kept on ice for 20 min,
and then passed 15 times through a 23-gauge needle. Lysates
were spun at 14,000 rpm for 15 min, and supernatants (cytosol-
ic cell extracts) were collected. Approximately 10—15 absor-
bance units (260 nm) of lysates were layered over 10 -50% cold
sucrose gradients in buffer (10 mm potassium HEPES (pH 7.4),
2.5 mm MgCl,, and 100 mm KCl). Gradients were centrifuged at
17,000 rpm in a Beckman SW28 rotor for 15 h at 4 °C. After
centrifugation, 12 fractions (1.2 ml/fraction) were collected.
Cell fractionation to obtain cytoplasmic and ER-associated
ribosomes was performed as described previously (29). Poly-
some profiles of ER-associated ribosomes were obtained by the
methods described above.

RNA and mRNA Analyses—RNA from MEFs and from frac-
tions of the polysome analysis was extracted with TRIzol or
TRIzol LS (Invitrogen), respectively, according to the protocol
of the manufacturer. For cDNA synthesis, SuperScript III first-
strand synthesis super mix (Invitrogen) was used, and the abun-
dance was quantified by qPCR using VeriQuest SYBR Green
qPCR master mix (Affymetrix) with the StepOnePlus real-time
PCR system (Applied Biosystems) as described before (30). The
following primers were used: GAPDH, CGC CTG GAG AAA
CCT GCC AAG TAT G (forward) and GGT GGA AGA ATG
GGA GTT GCT GTT G (reverse); GADD34, TAC CCC TGT
CTCTGG TAA CCT (forward) and TGG CTT TGCATT GTA
CTC ATC A (reverse); SNAT2(SLC38A2), TAA TCT GAG
CAATGC GAT TGT GG (forward) and AGA TGG ACG GAG
TAT AGC GAA AA (reverse); and ATF4, GTT TGA CTT CGA
TGC TCT GTT TC (forward) and GGG CTC CTT ATT AGT
CTC TTG G (reverse). mRNA half-lives were determined as
described previously (30).

Other Methods—Cell extracts were prepared as described
previously (8). Membrane fractions were obtained as described
previously (31). Biotinylated plasma membrane proteins were
isolated with a cell surface protein isolation kit (Pierce) accord-
ing to the instructions of the manufacturer. Protein concentra-
tion was measured with a DC protein assay kit (Bio-Rad) with
bovine serum albumin as a standard. Antibodies used in this
study were as follows: anti-phospho-ATF2 (catalog no.
sc-8398), ATF2 (catalog no. sc-187), ATF3 (catalog no. sc-188),
ATF4 (catalog no. sc-200), Calnexin (catalog no. sc-6465), C/
EBP homologous protein (CHOP) (catalog no. sc-7351),
GADD34 (catalog no. sc-825), elF2 (catalog no. sc-13327),
JNK1/2 (catalog no. sc-137018), and S6 (catalog no. sc-13007)
were from Santa Cruz Biotechnology. Anti-caspase 3 (catalog
no. 9662), phospho-ERK1/2 (catalog no. 9101), ERK1/2 (catalog
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no. 4695), histone H3 (catalog no. 9715), Irela (catalog no.
3294), phospho-JNK1/2 (catalog no. 4671), phospho-c-Jun
(catalog no. 3270), c-Jun (catalog no. 9165), phospho-p38
MAPK (catalog no. 9211), p38 MAPK (catalog no. 9212), phos-
pho-NF-kB-p65 (catalog no. 3033), phospho-S6 (catalog no.
5364), phospho-S6K Thr-389 (catalog no. 9205), and S6K (cat-
alog no. 9202) were from Cell Signaling Technology. Anti-
phospho-elF2a (catalog no. NB110-56949) was from Novus
Biologicals, anti-Snat2 (catalog no. BMP081) was from Medical
and Biological Laboratories, anti-tubulin (catalog no. T9026)
was from Sigma-Aldrich, and anti-ubiquitin was from Dako
(catalog no. Z0458). Anti-ATPase (Na*/K™) a-1 subunit (a6F)
was obtained from the Developmental Studies Hybridoma
Bank, hybridoma (deposited by D. M. Fambrough). Statistical
significance between groups was evaluated using Student’s ¢
test. p < 0.05 was considered significant.

Results

GADD34 Is Induced during Hyperosmotic Stress in an ATF4-
independent Manner—Exposure of MEFs to mild hyperos-
motic stress (500 mosmol) led to an initial (1-h) decrease in the
rates of protein synthesis followed by gradual recovery (Fig.
1A). After 4 h of stress, the protein synthesis rates recovered to
60% of the level in control cells. Signaling pathways known to
regulate mRNA translation were modified by stress. eIF2c was
phosphorylated rapidly, followed by dephosphorylation after
1.5 h of treatment (Fig. 1B). p70S6K, the protein kinase acti-
vated by mTOR, and the downstream target, the ribosomal pro-
tein S6, were transiently dephosphorylated (Fig. 1B). GADD34
mRNA and protein were increased after 1.5 h of treatment,
followed by a decline at later times (Fig. 1, B—D). The induction
of GADD34 was in good correlation with the kinetics of eIF2«
dephosphorylation during the course of the stress. However,
elF2a phosphorylation elicited by hyperosmotic stress did not
result in increased ATF4 protein (Fig. 1B). A similar phenome-
non has been observed in MEFs exposed to ultraviolet light (32)
or upon induction of ER stress via the proteasome inhibitor
MG132 (33). As expected, when induction of e[F2« phosphoryla-
tion was promoted by the inhibitor of elF2a dephosphorylation
Sal or the ER stressor Tg, cells responded with induction of ATF4
protein (Fig. 1B). Hyperosmotic stress also did not induce the tran-
scription factor CHOP, a proapoptotic target downstream of
ATF4 (Fig. 1B). Because ATF4 activates GADD34 transcription
during other stresses (21), the absence of the ATF4 program dur-
ing mild hyperosmotic stress prompted us to investigate the mech-
anism of GADD34 induction.

Basal levels of ATF4 protein are present in dividing cells (34).
This ATF4 is required for the expression of amino acid trans-
porter genes (35, 36). To exclude the possible contribution of
these low levels of ATF4 to the induction of GADD34 by hyper-
osmotic stress, we knocked down ATF4 expression using
shRNA and measured gene expression during osmotic stress
(Fig. 1D). Although basal SNAT2 mRNA levels were decreased
in shRNA-treated cells (Fig. 1D), the degree of induction of
SNAT2 and GADD34 expression was not affected.

The lack of induction of ATF4 by mild hyperosmotic stress
was puzzling because many stresses that trigger elF2a phos-
phorylation also induce ATF4 mRNA translation. To investi-
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FIGURE 1. ATF4-independent induction of the PP1 phosphatase subunit protein GADD34 during mild hyperosmotic stress. A, [>>S]Met/Cys incorporation into
proteins in MEFs treated with 500 mosmol medium for the indicated times. Results are the means of triplicate determinations. B, Western blot analysis of extracts from
cells treated with 500 mosmol medium, Sal, or Tg for the indicated times. C, quantification of the intensities of GADD34 protein levels was evaluated from three
independent experiments (B) using National Institutes of Health ImageJ software. Data are expressed as the percentage of the intensities obtained from Tg-treated
samples. D, qRT-PCR analysis of mRNAs from cells either left untreated or treated with 500 mosmol medium after adenovirus infection for the corresponding shRNAs.
Triplicate determinations normalized to GAPDH mRNA levels are shown. £, Western blot analysis of extracts from cells treated with 500 mosmol medium alone orin the
presence of Sal (15 um) for the indicated times. *, p < 0.05 relative to untreated cells. Error bars represent mean =+ S.E.

gate this issue, the level of elF2a-P in stressed cells was
increased with Sal treatment (Fig. 1E). Sal did not cause accu-
mulation of ATF4 protein under these conditions although
high levels of elF2a-P were present. In contrast, ATF4 was
readily detected in Sal-treated cells under isotonic conditions.
These data suggest that hyperosmotic stress inhibits ATF4 pro-
tein accumulation.

Further evidence that ATF4 mRNA is not translated more
efficiently during mild hyperosmotic stress was provided by
examining the distribution of mRNAs on sucrose gradients.
Traces of the absorbance at 260 nm (A,,) showed an initial (1
h of stress) redistribution of polyribosomes to monosomes fol-
lowed by partial recovery of polyribosomes during prolonged
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stress (5 h of treatment). This pattern was consistent with the
effects of hyperosmotic stress on protein synthesis rates (compare
Figs. 1A and 2A). The sedimentation pattern of GAPDH and
mTOR-regulated mRNAs that contain 5’'-terminal oligopyrimi-
dine tracts (encoding ribosomal proteins P2 and L13a) was in
agreement with the A, traces (Fig. 2B). Exposure of cells to Sal in
addition to hyperosmotic stress for 5 h decreased the translation of
these three mRNAs (Fig. 2, A and B), suggesting that the level of
elF2a phosphorylation has an impact on protein synthesis recov-
ery during mild hyperosmotic conditions. The GADD34 mRNA
was actively translated during hyperosmotic stress, and Sal made
this process more efficient, as expected for an mRNA that uses an
upstream ORF-mediated regulatory mechanism (23).
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FIGURE 2. Changes in the association of specific mRNAs with polyribosomes during mild hyperosmotic stress. A, MEFs were treated with 500 mosmol
medium alone orin the presence of Sal (15 um) for the indicated times, and the distribution of mRNAs in polysomes was analyzed using gqRT-PCR. mRNA in each
fraction is expressed as the percentage of total mRNA. The dashed lines indicate that fractions 6-12 contain polyribosomes. B, quantification of three inde-

pendent experiments from A. Error bars represent mean = S.E.

Finally, increased elF2a phosphorylation in Sal-treated cells
did not affect the translation of ATF4 mRNA (Fig. 2, A and B).
We conclude that ATF4 protein levels do not change during
mild hyperosmotic stress because mRNA levels and transla-
tional efficiency are not affected.

Theseresultsdemonstrate that the modulation of eIF2« phos-
phorylation during mild hyperosmotic stress contributes to
translational control in a manner independent of ATF4. This is
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different from other stresses in which the ATF4-mediated
induction of GADD34 controls the phosphorylation status of
elF2a and, therefore, translational reprogramming in the
stressed cells (18, 19, 21).

Signaling Pathways Induced by Hyperosmotic Stress Regulate
GADD34 Expression—To dissect the mechanism of GADD34
induction, we studied the signaling pathways that regulate this
process. First, we tested MAP kinase signaling cascades that are
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activated by hyperosmotic stress. In contrast to severe stress
(600 mosmol), mild hyperosmotic stress (500 mosmol) did not
activate p38 kinase (Fig. 34). However, ERK1/2 and JNK1/2
were transiently phosphorylated on Thr-202/Tyr-204 and Thr-
183/Tyr-185, respectively, during early stress (Fig. 3A4). Activa-
tion of these kinases correlated with the early transient phos-
phorylation of c-Jun and ATF2 transcription factors and was
followed by the delayed induction of ATF3 (Fig. 34). We next
showed that the ERK signaling pathway is not involved in
GADD34 induction (Fig. 3B). Inhibition of ERK1/2 with
PD98059 had a negligible effect on the phosphorylation of
JNK1/2, ATF2, and c-Jun and on ATF3 expression (Fig. 3B). We
therefore hypothesized that JNK1/2 are required for GADD34
induction. Treatment with SP600125, an inhibitor of JNK1/2,
decreased the phosphorylation of ATF2 and c-Jun and the lev-
els of GADD34 and ATF3 proteins (Fig. 3C). SP600125 reduced
the stress-induced accumulation of GADD34 mRNA by one-
third at early times. The effect of the inhibitor decreased after
longer treatment (Fig. 3D). These data suggest that phosphor-
ylation of ATF2 and c-Jun by JNK1/2 may regulate GADD34
gene expression (Fig. 3, A and C).

This hypothesis is supported by earlier reports that ATF2
and c-Jun can bind a conserved element in the GADD34 pro-
moter close to the TATA box (22). To explore the potential role
of ATF2 in GADD34 gene regulation during hyperosmotic
stress, we knocked down ATF2 (Fig. 3E) and observed that the
induction of GADD34 mRNA by hyperosmotic stress was not
affected (Fig. 3F) even though the levels of its bona fide target
ATEF3 decreased (Fig. 3E). To further examine the involvement
of INK signaling in the regulation of GADD34 transcription, we
placed the firefly luciferase gene under the control of the min-
imal promoter region of the GADD34 gene (Fig. 44), shown
previously to regulate its expression under genotoxic stress
(22). We also generated a mutant in the CRE element known to
bind c-Jun (22). Because NF-«kB is known to be induced by
hyperosmotic stress (37, 38), we also mutagenized a putative
NF-kB binding site (—39 GGGACTTCCG —30). This putative
site was predicted with TFSEARCH and was similar to the
NF-«kB consensus, GGGACTTTCC. WT promoter activity
increased early (2 h) during hyperosmolar stress, and mutation
of the putative NF-«B binding site had no effect on induction.
Longer exposure to hyperosmolar medium returned the
GADD34 promoter activity to its basal level (Fig. 4B). However,
mutation of the CRE element decreased basal promoter activity
and abolished stress-dependent induction (Fig. 4B). To further
explore the involvement of the JNK signaling pathway in
GADD34 gene regulation, we tested the promoter activity in
the presence of the JNK inhibitor SP600125. Inhibition of JNK
kinase did not change the basal activity of the promoter but
abolished the stress-related induction. The inhibitor had no
effect on the CRE mutant (Fig. 4C). These data explain why
inhibition of JNK kinase only decreased GADD34 mRNA levels
early in the response to hyperosmolar medium.

To evaluate whether other mechanisms contribute to the
accumulation of GADD34 mRNA during late stress, we tested
its half-life in control cells and cells treated for 3 h in hyperos-
molar medium. Inhibition of transcription by Actinomycin D
revealed that the half-life of GADD34 mRNA increased dra-
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matically during osmotic stress (Fig. 4D). These data suggest
that the JNK activity is critical for the initial induction of
GADD34 gene transcription but that the late accumulation
depends on increased mRNA stability. Although it is likely that
the transcription factor c-Jun is responsible for the induction of
the GADD34 gene expression during early stress, other JNK-
dependent transcription factors cannot be excluded.

GADD34 Contributes to eIF2a Dephosphorylation and Pro-
motes Survival during Hyperosmotic Stress—First, we studied
the contribution of GADD34 to cell survival via the modulation
of elF2a phosphorylation. We have shown previously that
severe stress leads to e[F2a phosphorylation (8) but that protein
synthesis inhibition under severe stress is independent of eIF2«
phosphorylation (8, 9). More importantly, we have shown
previously that elF2a phosphorylation is necessary for the
induction of apoptosis under these conditions (8). Severe
hyperosmotic stress also induced GADD34 mRNA in an ATF4-
independent manner, but the kinetics of induction were slower
than for mild stress (compare Figs. 1D and 54). GADD34 pro-
tein also accumulated with delayed kinetics (Fig. 5B). Knocking
down GADD34 with shRNA increased elF2« phosphorylation
with a parallel increase in caspase 3 cleavage and, therefore,
increased apoptosis (Fig. 5B). To determine GADD34 involve-
ment, we overexpressed two forms of GADD34: active, with a
truncated N-terminal region (GADD34AN), and inactive, with-
out the C-terminal region (GADD34AC), which is unable to
interact with PP1 phosphatase (17). As expected, overexpres-
sion of GADD34AN (active) had no impact on the protein syn-
thesis rates in cells exposed to 600 mosmol medium (Fig. 5C)
but resulted in lower caspase 3 activity (Fig. 5D). As expected,
the phosphorylation of eIF2a was lower in cells expressing the
active GADD34AN (Fig. 5E). These data suggest that attenua-
tion of elF2a phosphorylation by GADD34 during severe
hyperosmotic stress protects cells from apoptosis in a manner
independent of changes in global protein synthesis rates.

We next determined the contribution of GADD34 to the
regulation of eIF2« phosphorylation and apoptosis under mild
hyperosmoticstress. GADD34AN (active)abolished eIF2aphos-
phorylation in response to hyperosmotic stress, whereas
GADD34AC (inactive) had no effect (Fig. 6A). At the same
time, active GADD34 did not significantly alter the ability of
cells to sense the stress because the stress-induced phosphory-
lation of ERK1/2 and JNK1/2 was still observed (Fig. 6A4). Also,
the pattern of regulation of p70S6K was not affected (Fig. 6A).
These data suggest that GADD34 can modulate the status of
elF2a phosphorylation independently of the activation of stress
kinases in response to mild hyperosmotic stress.

We confirmed these observations by decreasing GADD34
expression with an shRNA. This treatment reduced GADD34
mRNA expression by ~70% (Fig. 6C). Induction of SNAT2
gene expression, the major facilitator of the adaptive response
to mild hyperosmotic stress, was not affected by shGADD34
treatment (Fig. 6C). Attenuation of GADD34 expression also
did not affect MAP kinase signaling (compare Fig. 6, A and B).
In agreement with a protective role of GADD34 was the finding
that MEFs lacking GADD34 were less able to adapt to pro-
longed mild hyperosmotic stress, as demonstrated by increased
caspase 3 activation (Fig. 6D). A similar protection by GADD34
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FIGURE 3. Induction of GADD34 levels during mild hyperosmotic stress involves activation of the JNK kinase. A-D, MEFs were treated with 500 mosmol
medium alone or in the presence of Sal or Tg (A), the ERK kinase inhibitor PD98059 (50 uMm, B), or the JNK kinase inhibitor SP600125 (25 um, C and D). A-C,
Western blot analysis of cell extracts. D, qRT-PCR analysis of mRNA. Triplicate determinations were normalized to GAPDH mRNA signals. DMSO, dimethyl
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was observed in cells subjected to severe stress for short times
(Fig. 6E). In conclusion, induction of GADD34 during hyperos-
motic stress protects cells from apoptosis.

GADD34 Expression Increases SNAT2 Activity during Hyper-
osmotic Stress—We have shown previously that severe hyper-
osmotic stress induces apoptosis via mechanisms that involve
elF2a phosphorylation (8). One such mechanism was the inhi-
bition of translation of antiapoptotic mRNAs (8). Conversely,
the induction of the system A amino acid transporter SNAT2 is
considered the major adaptive response to increasing extracel-
lular osmolarity, especially during mild stress (6). SNAT2 drives
the intracellular accumulation of amino acid osmolytes that
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restore cell volume (4, 7). The translation of the internal ribo-
some entry site-containing SNAT2 mRNA is not affected by the
global inhibition of protein synthesis during stress, and its
expression is mainly regulated at the level of transcription (39).
In this study, we determined whether proapoptotic elF2«a
phosphorylation signaling attenuates adaptive mechanisms to
mild hyperosmotic stress. We confirmed that mild stress stim-
ulates SNAT2 activity by measuring the Na™-dependent
uptake of its preferred substrate, Pro. As expected, Pro uptake
gradually increased during 6 h of mild hyperosmotic stress (Fig.
7A). This Pro uptake reflects system A activity because it is
Na™-dependent (Fig. 7A) and can be inhibited by high concen-
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trations of the specific system A substrate methyl-aminoisobu-
tyrate (Fig. 7A).

We then examined whether GADD34 is a positive regulator
of the SNAT2/System A adaptation mechanism via decreased
elF2a phosphorylation. First, we tested whether inhibiting
GADD34 function with Sal caused a decrease in system A activ-
ity. Sal decreased stress-induced Pro uptake in a dose-depen-
dent manner (Fig. 7B) without affecting SNAT2 mRNA trans-
lation measured as its association with translating ribosomes
(Fig. 2). In addition, SNAT2 mRNA levels did not decrease in
the presence of Sal during hyperosmotic stress (Fig. 7C). Inhi-
bition of stress-stimulated SNAT2 activity by Sal was accompa-
nied by increased caspase 3 activity (Fig. 7D).
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To better understand how the presence of GADD34 during
stress modulates the activity of SNAT2/System A, we evaluated
SNAT?2 protein levels. First we tested the induction of SNAT2
protein levels in MEFs and human HeLa cells to show that anti-
body against SNAT2 recognizes both the human and mouse
proteins. In both cell lines, mild osmotic stress induced SNAT2
protein levels. Both fully glycosylated (slower migration in SDS-
PAGE) and partially processed SNAT2 levels increased in the
total membrane fraction of both cell lines (Fig. 7E). The
increase in levels of mature SNAT2 was inhibited by Sal (Fig.
7E) in a dose-dependent manner (Fig. 7F). Because SNAT2
must be in the plasma membrane for its transport function, we
isolated cell surface proteins and probed for SNAT2. We
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observed a gradual increase of cell surface SNAT?2 protein dur-
ing exposure to mild hyperosmolar stress (Fig. 7G). Only traces
of immature SNAT2 were present in plasma membranes. The
cytoplasmic protein tubulin was absent, and the a1 subunit of
the plasma membrane protein Na* /K™ ATPase was enriched
in the biotinylated fraction, demonstrating the quality of our
protein isolation (Fig. 7G). Treatment with Sal during hyperos-
molar treatment decreased the cell surface levels of fully pro-
cessed SNAT?2 transporter. However, the partially processed
form was also detected (Fig. 7G).

It has been reported previously that the role of SNAT2 in the
adaptation to amino acid starvation can be decreased by the
presence of unsaturated fatty acids (31). This mechanism
involved proteasomal degradation of the partially processed
SNAT?2 protein. We tested whether a similar mechanism can
explain the action of Sal during hyperosmotic stress. We used
the proteasome inhibitor MG132 during the last 2 h of hyper-
osmotic treatment with or without Sal. The accumulation of
ubiquitinated proteins in total cell lysates confirmed the inhi-
bition of proteasomal activity. However, the levels of mature
and immature SNAT2 did not increase when MG132 was
added to cells in hyperosmotic medium with or without Sal
(Fig. 7H). These data suggest that sustained elF2« phosphory-
lation during mild hyperosmolar stress did not increase protea-
somal degradation of the SNAT?2 protein.

Similar to the pharmacological inhibition of GADD34,
GADD34 knockdown decreased stress-induced system A activ-
ity (Fig. 7I) without affecting SNAT2 mRNA induction (Fig.
6C). We confirmed this observation by testing SNAT2 protein
levels in total cell lysates from osmotically stressed cells and
found that induction of the mature transporter was decreased
in the absence of GADD34 (Fig. 7]). Taken together, these data
suggest that the GADD34/SNAT?2 axis is an important part of
the adaptive response to hypertonic stress. This axis promotes
cell survival by GADD34-mediated dephosphorylation of elF2a-
P and increased SNAT2-mediated uptake of neutral amino
acids. Sustained phosphorylation of elF2« by inhibition of
GADD34 or shRNA-mediated depletion of GADD34 decreased
levels of mature SNAT2 protein. Taken together, the data sug-
gest that GADD34 during hyperosmotic stress facilitates
expression of the SNAT2 transporter to plasma membranes.

Reid et al. (29) showed recently that increased elF2a-P dur-
ing the unfolded protein response causes the transient release
of translating ribosomes from the ER membrane to the cytosol.
SNAT?2 was one of the mRNAs that shifted from ER-associated
to cytosolic polyribosomes during the UPR (29). On the basis of
this finding, we tested whether mild hyperosmotic stress

GADD34 Induction during Hyperosmolar Stress

changes the distribution of SNAT2 mRNA on cytoplasmic and
ER-associated ribosomes by analyzing these two fractions sep-
arately. The quality of subcellular fractionation was established
by the detection of the ER-associated proteins calnexin and
Irela and the cytoplasmic protein tubulin (Fig. 8B). Nearly all
SNAT2 mRNA was present in ER-associated ribosomes, simi-
lar to mRNA encoding the ER chaperone BiP (Fig. 8, A and C).
The association of SNAT2 mRNA with the ER ribosomes
slightly increased during prolonged hyperosmotic treatment,
and Sal had almost no effect on distribution of these mRNAs.
The distribution of the SNAT2 mRNA in cytoplasmic and ER-
associated heavy polysomes was similar, supporting efficient
translation during stress, in agreement with whole-cell poly-
some profiles (Figs. 2 and 8). We also evaluated the distribution
of GAPDH mRNA and found an increased association with the
ER ribosomes that was sensitive to Sal (Fig. 8). This finding
suggests that this mechanism is not important in regulating the
expression of SNAT2 protein during mild hyperosmotic stress.

Discussion

We described the mechanism of induction and the signifi-
cance of the PP1 phosphatase regulatory subunit protein
GADD34 during hyperosmotic stress. This protein is transcrip-
tionally induced by almost all stresses that increase elF2a phos-
phorylation via a mechanism that involves the transcription
factor ATF4 (21). Phosphorylation of e[F2a causes global inhi-
bition of protein synthesis, and induction of GADD34 is
involved in translational recovery during stress by dephosphor-
ylating eIF2a-P (18, 19). Under almost all stress conditions, the
elF2a-P/ATF4/GADD34 axis downstream of the stress-acti-
vated elF2«a kinases is considered the master transcriptional
and translational reprogramming mechanism (40). In contrast,
the cellular response to increased extracellular osmolarity has
the following unique features. Despite increased elF2a phos-
phorylation, ATF4 mRNA was not translated during hyperos-
motic stress (shown above); the stress-sensing mechanism
involves activation of MAP kinases, which cause transcriptional
reprogramming via nuclear translocation of the transcription
factor TonEBP (1, 2); and translational reprogramming in-
volves mechanisms both dependent on and independent of elF2a-
P (8). We have shown earlier that el[F2a-P signaling during
severe hyperosmotic stress correlates with the initiation of apo-
ptosis (8). Because nothing was known about the significance of
the elF2a-P/ATF4/GADD34 axis during hyperosmotic stress,
we investigated this network in this study.

We found that GADD34 is induced during hyperosmotic
stress in an ATF4-independent manner and promotes cell sur-

FIGURE 7. Signaling downstream of elF2a phosphorylation inhibits the adaptive induction of system A activity during mild hyperosmotic stress. A, Pro
uptake by MEFs exposed to 500 mosmol medium for the indicated times. Uptake was measured in the presence (Earle’s balanced salt solution, EBSS) or absence
of Na™ ions and in the presence of 5 mm methyl-aminoisobutyrate (MeAIB). Results are the means of triplicate experiments. B, Pro uptake by cells exposed to
500 mosmol medium alone or in the presence of Sal at the indicated concentrations. Results are the means of triplicate experiments. C, cells treated as in B.
gRT-PCR analysis of SNAT2 mRNA normalized to GAPDH mRNA is shown as -fold change over untreated cells. D, caspase 3 activity in extracts from cells treated
as in B. Results are the means of triplicate determinations of relative fluorescence units (RFU). E, immunodetection of SNAT2 in total membrane fractions of
MEFs and Hela cell line treated with hyperosmotic medium and 30 um Sal. F, immunodetection of SNAT2 in the total membrane fraction from MEFs treated
with hyperosmolar medium and indicated the concentrations of Sal. G, immunodetection of SNAT2 in plasma membrane fractions. Biotinylated surface
proteins and whole cell lysate (WCL, 10 ug) were analyzed by Western blotting. H,immunodetection of SNAT2 in total membrane fractions of cells treated with
hyperosmolar medium and Sal (30 um). MG132 (10 um) was added during the last 2 h of hyperosmolar treatment. /, Pro uptake by stressed MEFs expressing
shRNA against GADD34. J, immunodetection of SNAT2 in whole cell lysates from cells expressing shRNA against GADD34 and treated with hyperosmolar
medium for indicated times. The asterisk indicates a nonspecific band recognized by antibodies.
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vival in part by activating amino acid uptake by SNAT2. Induc-
tion of this transporter is a crucial part of the TonEBP tran-
scription program and mediates a volume increase in response
to mild hyperosmotic stress (3). The induction of GADD34 has
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been associated with both prosurvival and proapoptotic out-
comes in response to diverse stress conditions (27, 41, 42). Sev-
eral lines of evidence support prosurvival functions of GADD34
during hyperosmotic stress, especially under mild stress condi-
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tions where partial dephosphorylation of e[F2a-P could foster
synthesis of proteins (e.g chaperones) that serve to alleviate
stress. The latter is true for the unfolded protein response, in
which increased elF2a-P decreases global rates of protein syn-
thesis (18) and dephosphorylation of eIF2« permits translation
of stress-induced mRNAs. In the case of hyperosmotic stress,
expression of GADD34 is not involved in controlling global
protein synthesis rates during severe stress. Instead, it dephos-
phorylates elF2a-P and, therefore, inhibits proapoptotic elF2a-
P signaling (8).

The adaptive response to hyperosmolarity includes the
increased expression of SNAT?2 protein and SNAT2-mediated
transport via a mechanism that is inhibited by high levels of
elF2a-P (Figs. 7 and 8). Although the mechanism by which
elF2a-P has this effect is unknown, our results eliminate several
possibilities. This regulation does not involve changes in
SNAT2 mRNA levels because Sal increased mRNA expression
during stress. It also does not involve translation because the
association of SNAT2 mRNA with membrane-bound ribo-
somes was only decreased slightly by Sal.

Consequently, the effect of high levels of eIlF2a-P on SNAT is
posttranslational. Maturation of SNAT2 protein requires its
glycosylation (7), and stress-induced expression of functional
SNAT? protein can be suppressed by the glycosylation inhibi-
tor tunicamycin (43). However, Sal caused similar decreases in
total and cell surface SNAT2 protein. Moreover, the apparent
size of mature SNAT2 was not affected by Sal, which is not
consistent with an effect of eIF2a-P on glycosylation. It is pos-
sible that elF2a-P induces turnover of SNAT?2 protein. It has
been reported that turnover of the SNAT2 protein depends on
the ubiquitin proteasome system via the involvement of the
ubiquitin E3 ligase NEDD4-2 (44). A recent study has suggested
that proteasomal degradation explains decreased SNAT?2 in-
duction by unsaturated fatty acids under stress conditions (31).
Inhibition of the proteasome caused the accumulation of imma-
ture SNAT?2 but not the fully glycosylated transporter (31). In our
experiments, decreased SNAT2 protein caused by Sal was not due
to proteasomal degradation. Experiments are underway to deter-
mine whether the decreased turnover is due to defects in glycosyl-
ation or membrane traffic and whether autophagy or another pro-
teolytic system is induced. Because mTOR signaling is inhibited
during hyperosmotic stress (Fig. 1B and Ref. 8), autophagy may
play an important role in SNAT turnover.

It has been reported that down-regulation of the constitu-
tively expressed CReP subunit of the PP1 phosphatase complex,
which dephosphorylates elF2¢, increased the phosphorylation
of elF2 and caused changes in membrane trafficking for both
endo- and exocytosis. elF2a-P was directly involved in those
changes, but not via regulation of protein synthesis (45). We
find these observations similar to our results, in which the post-
translational fate of SNAT?2 protein is regulated by the level of
elF2a-P. We believe that the e[F2«a-P status drives the induc-
tion of SNAT2 activity during hyperosmotic stress, with
GADD34 controlling the phosphorylation status of elF2c.

The mechanism of GADD34 induction during hyperosmotic
stress was shown to involve JNK signaling, but neither JNK-
mediated activation of ATF2 nor ATF2-mediated induction of
ATEF3 were involved in this process. The GADD34 promoter
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Mild hyperosmotic stress
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TonEBP-mediated
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FIGURE 9. GADD34-mediated dephosphorylation of elF2a-P during mild
hyperosmotic stress promotes adaptation. The adaptation program dur-
ing hyperosmotic stress involves TonEBP-mediated transcriptional control of
genes coding for transporters of compatible osmolytes, including the neutral
amino acid transporter SNAT2. In contrast, induction of elF2«a phosphoryla-
tion promotes apoptosis. The model suggests that the MAP kinases signaling
promote survival via induction of GADD34, which dephosphorylates elF2«-P
and, therefore, inhibits apoptosis. The proapoptotic signaling of elF2a-P also
contributes to the inhibition of the prosurvival SNAT2-mediated increased
amino acid uptake.

contains sequences immediately upstream of the transcription
start site that have been shown to be essential for c-Jun-medi-
ated transcriptional activation by DNA damage (22). In agree-
ment with this report, induction of GADD34 promoter-driven
luciferase activity and endogenous GADD34 mRNA levels dur-
ing early stress were blocked by a JNK inhibitor, supporting the
idea that c-Jun induces GADD34 during the early response to
hyperosmotic stress. c-Jun phosphorylation was transient and
occurred only during early stress. Accumulation of GADD34
mRNA during late stress can be explained by the dramatic
stabilization of the GADD34 mRNA during hyperosmotic
treatment. The mechanism that regulates GADD34 mRNA
turnover remains unknown. The involvement of at least two
mechanisms in the regulation of GADD34 expression under-
lines the importance of this protein phosphatase subunit in
the modulation of the cellular response to hyperosmotic
stress.

Adaptation to environmental stress is an important survival
mechanism. We have shown here that rapid adaptation to
hyperosmotic stress does not involve the elF2a-P/ATF4/
GADD34 axis, which is considered to be the master regulator of
most stress responses (17,19, 21, 46). Instead, it involves a novel
TonEBP/MAP kinase/GADD34 pathway that leads to rapid
sensing and recovery from hyperosmotic stress, involving the
increase in plasma membrane uptake of compatible osmolytes
(Fig. 9). All of these programmed cellular responses are meant
to be adaptive. However, loss of adaptation leads to the devel-
opment of disease and, in the case of hyperosmotic stress,
induction of the inflammatory response. Is GADD34 involved
in both adaptation (this study) and inflammation during hyper-
osmotic stress? Further studies are necessary to solve this inter-
esting puzzle.
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